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SOLID LUBRICATION DESIGN METHODOLOGY
1.0 INTRODUCTION
The U.S. Department of Energy (DOE) has i n i t i a t e d a heavy
duty transport technology project directed towards p r o v i d i n g a
technology base for use in d e v e l o p i n g advanced heavy duty
transport engines. The transportation sector currently uses
nearly 27% of the total energy and 61% of all the petroleum con-
sumed in the United States. W h i l e there have been s i g n i f i c a n t
improvements in the heavy duty fleets and the automotive segments
of the transportation industry, the fleet fuel m i l e a g e has begun
to level off. The improvements have resulted p r i m a r i l y because
of a reduction in size and weight of automobiles. Future reduc-
tions in fuel m i l e a g e are expected to be realized p r i m a r i l y
through advanced heavy duty engines. The heavy duty transport
technology project focuses on developing A d i a b a t i c Diesel E n g i n e
technology for l o n g - h a u l trucks. An A d i a b a t i c Diesel E n g i n e —
defined as a h i g h l y i n s u l a t e d , uncooled diesel engine and its
waste heat u t i l i z a t i o n system has — potential for vastly lower
fuel consumption because of improved engine efficiency through
h i g h e r operating temperatures, reduced heat losses, l i g h t e r
weight and h i g h e r exhaust energy recovery. The h i g h e r operating
temperatures, however, pose d i f f i c u l t structural, material and
l u b r i c a t i o n problems.
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A d i a b a t i c d iese l eng ines wi l l require bea r i ngs and other load
c a r r y i n g c o n t a c t s to ope ra te over a t empera tu re range that
e x c e e d s the c a p a b i l i t y o f cu r ren t l y used l iquid l ub r i can t s .
S o l i d l u b r i c a n t s and high tempera tu re b e a r i n g m a t e r i a l s w i l l be
requ i red fo r some a p p l i c a t i o n s . The So l i d L u b r i c a t i o n D e s i g n
M e t h o d o l o g y p rog ram s p o n s o r e d by DOE and mon i t o red by N A S A - L e w i s
R e s e a r c h Cen te r is a t w o - p h a s e p r o g r a m at SKF I ndus t r i es , Inc. to
e v a l u a t e so l i d l ub r i can ts and b e a r i n g ma te r ia l c o m b i n a t i o n s under
c o n t r o l l e d test cond i t i ons r e p r e s e n t a t i v e o f p r o j e c t e d b e a r i n g
requ i r emen ts in a d i a b a t i c d iese l e n g i n e s and to d e v e l o p qua l i t a -
t i v e and q u a n t i t a t i v e g u i d e l i n e s for the des ign of so l i d lubri-
ca ted b e a r i n g s , gears and other load car ry ing c o n t a c t s . In Phase
I , the c a n d i d a t e l ub r i can t and ma te r i a l c o m b i n a t i o n s were e v a -
lua ted at room tempera tu re to se lec t the most p r o m i s i n g com-
b i n a t i o n s w h i c h w i l l be tes ted in the 400°F to 1000°F tempera tu re
r a n g e du r ing Phase I I . The ana l y t i ca l m o d e l s and d e s i g n gu ide l i -
nes d e v e l o p e d in Phase I wi l l be re f ined in Phase II to i nc lude
the e f f e c t of t empera tu re .
Th i s report d e s c r i b e s the work done in Phase I of the
p r o g r a m . L i t e r a t u r e dea l i ng wi th so l i d l u b r i c a t i o n i s r e v i e w e d
in Sec t i on 2 .0 . The test a p p a r a t u s and test p rocedure are
d e s c r i b e d in S e c t i o n 3.0. R e s u l t s of a test p rog ram to sc reen
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c a n d i d a t e l u b r i c a n t - b e a r i n g mate r ia l c o m b i n a t i o n s are g iven in
S e c t i o n 4.0. The t r a c t i o n f o r ce m e a s u r e m e n t s for the most pro-
m i s i n g l u b r i c a n t - m a t e r i a l c o m b i n a t i o n s a re d e s c r i b e d in Sec t i on
5 .0 . A n a l y t i c a l mode ls b a s e d on the test da ta are d e s c r i b e d in
S e c t i o n 6.0 a long w i th some genera l comments . The work to be
done in Phase II of the p rog ram, cu r ren t l y in p r o g r e s s , is
o u t l i n e d in S e c t i o n 7 .0 .
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2 . 0 L I T E R A T U R E R E V I E W
An e x t e n s i v e l i t e ra tu re search was unde r taken to e v a l u a t e the
s o l i d l ub r i ca t i on work done to date and to se lec t ideas app l i -
c a b l e to the d e s i g n of s o l i d l ub r i ca t i on sys tems for a d i a b a t i c
d i e s e l e n g i n e s . A number of the Nat iona l T e c h n i c a l In fo rmat ion
S e r v i c e ( N T I S ) p u b l i s h e d s e a r c h e s [1-9] were r e v i e w e d and poten-
t ia l ly use fu l r e f e r e n c e s were s e l e c t e d . S o l i d l u b r i c a t i o n
l i t e ra tu re in the SKF L ib ra ry was a l s o r e v i e w e d . The resu l t s of
the l i t e ra tu re r e v i e w are s u m m a r i z e d be low .
S o l i d l u b r i c a t e d bea r i ng sys tems have been used in a p p l i c a -
t i o n s where ex t reme t empe ra tu res , e i ther c ryogen ic or h igh tem-
p e r a t u r e s , or other env i ronmen ta l cond i t i ons such as a v a c u u m rule
out the use of f lu id l u b r i c a n t s . The a p p l i c a t i o n s range f rom
s l i d i n g b e a r i n g s in s p a c e c r a f t to high tempera ture high speed
ro l l i ng e lement b e a r i n g s in gas turb ine eng ines . H igh tem-
pe ra tu re so l i d l u b r i c a n t s inc lude Mo lybdenum D i s u l p h i d e ( M o $ 2 ) ,
T u n g s t e n D i s u l p h i d e ( W $ 2 ) » G raph i t es , G raph i c F lou r ide ( C F x ) n ,
P o l y i m i d e s , Po l y im ide c o m p o s i t e s , sof t ox i des such as Lead
M o n o x i d e and s t a b l e f l ou r i des of some meta l s such as L i t h i u m , -
C a l c i u m and B a r i u m [10-16]. The most frequent use of so l i d
l u b r i c a n t s has been as c o a t i n g s in s l i d ing bear ing a p p l i c a t i o n s .
The use of s o l i d l u b r i c a n t s in ro l l ing e lement b e a r i n g s has not
been very s u c c e s s f u l . The b e a r i n g s have been l ub r i ca ted by c a g e s
made of s e l f - l u b r i c a t i n g m a t e r i a l s [17-25] or by gas en t ra ined
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powder l u b r i c a n t s [26]. The primary problems in cage lubricated
bearings have been cage i n s t a b i l i t y , excessive cage wear, and
loss of bearing clearances because of thermal i n s t a b i l i t y and
excessive b u i l d up of solid l u b r i c a n t f i l m on the raceways.
Christy [21] observed that the life of a solid lubricated r o l l i n g
element bearing depends on the formation of an i n i t i a l run-in
f i l m and that an increase in bearing clearance is required to
a l l o w for thicker l u b r i c a n t films. Stevens and Todd [20]
reported a threshold load below which there is zero wear of steel
races for bearings lubricated with composite l u b r i c a n t cages and
that the threshold v a l u e is lower than the load capacity of s i m i -
lar oil lubricated bearings. Below the threshold load,
excessive bu i l d up of film eventually caused an increase in
torque. Above the threshold l e v e l , the torque level remained the
same but noise increased due to wear debris b u i l d up. They
observed that the cage wear was proportional to the rate of
depletion of the solid lubricant film on the ball and that the
b e a r i n g torque due to traction forces is independent of speed.
Todd [19] found that ball/raceway m i c r o s l i p left distinct wear
marks in the ba l l track and that thin Polytetraf1uoroethylene
(PTFE) films have a transition maximum Hertz stress of about 1200
MPa below which they protect against wear. Above the transition
stress, the substrate wear was a function of the contact stress.
5
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He c o n c l u d e d that a lub r i can t t r a n s f e r f i lm shou ld be l ess than 1
urn to ensu re smooth bea r i ng ope ra t i on .
R e v i e w o f the l i t e ra tu re d e a l i n g w i th s o l i d l u b r i c a t e d
b e a r i n g s i n d i c a t e d a l ack of u n d e r s t a n d i n g of the b e h a v i o r of
s o l i d l ub r i ca ted r o l l i n g / s l i d i n g con tac t s . Most o f the so l i d
l u b r i c a t e d ro l l i ng e lement b e a r i n g s to date are minor m o d i f i c a -
t i ons of bea r i ngs d e s i g n e d for oi l l ub r i ca t i on . There are no
d e s i g n c r i t e r i a for o p t i m i z i n g the pe r f o rmance of s o l i d lubr i -
ca ted ro l l i ng e lement c o n t a c t s . B a s i c s o l i d l ub r i ca t i on s tud ies
have concen t ra ted p r imar i l y on s l id ing con tac ts us ing pin on d isc
e x p e r i m e n t s or some v a r i a t i o n s of s l i d i n g wear t es te rs such as
LFW-1 and F a l e x t es te rs [ 2 7 - 3 2 ] . Sauer et al [28] found that
coe f f i c ien t of f r ic t ion and the wear rate of so l i d lubr ican t
f i l m s i n c r e a s e w i th f i lm t h i c k n e s s . There is an opt imum v a l u e of
f i lm t h i c k n e s s fo r max imum wear l i fe. Sutor [29] d e v e l o p e d wear
e q u a t i o n s fo r g raph i te f iber re in fo rced po ly im ide c o m p o s i t e s
d e s c r i b e d in R e f e r e n c e [33] us ing test data f rom a dual rub shoe
ro ta t i ng d isc m a c h i n e but found that the equa t i ons were not
a p p l i c a b l e to c o n d i t i o n s other than those used in the test
m a t r i x . F u s a r o [30,31] showed that po l y im ides have a t r a n s i t i o n
t e m p e r a t u r e above w h i c h the l ub r i can t s form a thin s u r f a c e f i lm
w h i c h f l ows p l a s t i c a l l y and adhe res to the subs t ra te . B e l o w the
6
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t r a n s i t i o n temperature, the p o l y i m i d e s wear in a brittle manner,
p r o d u c i n g clumps of powdery wear particles which do not adhere
well to the substrate. The clumps s l i d e through the contact as
cl u m p s , causing wear at the interface. Sliney [32] studied the
flow of solid l u b r i c a n t particles through the contact between a
pin s l i d i n g on a glass disc l u b r i c a t e d by powdered lub r i c a n t
s p r i n k l e d ahead of the contact. He found that the particles are
readily drawn into the contact and deformed into a thin p l a s t i c
f i l m . The l u b r i c a n t in the contact flows l i k e a paste. Graphite
and Mo$2 powders behaved the same way, except that Mo$2 adhered
to the surfaces better than the graphite did.
Dry lubri c a t e d r o l l i n g contacts have been studied using four
bal l testers. Yonushonis [34] used s i l i c o n n i t r i d e b a l l s and
cups lubricated by graphite cages to run tests at 2760 MPa (400
ksi) the maximum Hertz contact stress, at a rotational speed of
10,000 rpm and a temperature of 1000°F; P2003 graphite was found
to be the most effective lubricant. Scott [35] studied the
effectiveness of powdered lubricants and cage materials using a
four b a l l tester. He found that the life of r o l l i n g contacts
was l i m i t e d by progressive surface roughening and wear which
resulted in excessive noise, v i b r a t i o n and rough r u n n i n g ; Mo$2
was found to be the most effective lubricant for reducing the
wear .
7
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W h i l e four b a l l testers are a useful tool for empirical
screening of l u b r i c a n t s under conditions representative of
r o l l i n g element b e a r i n g s , they do not allow measurement of the
v a r i a b l e s needed for understanding the behavior of solid l u b r i -
cated r o l l i n g element contacts. Measurement of the r o l l i n g
element-raceway traction forces and the r o l l i n g element-cage
pocket forces is required along with an understanding of l u b r i -
cant f i l m transfer from the cage pocket to the r o l l i n g element
and the raceways. S i n g l e element test rigs allow a study of the
required variables. A concentrated contact traction measurement
apparatus developed at Georgia Institute of Technology [37] was
used to measure the traction forces transmitted by a crowned
rol1er/f1at-disc contact lubricated by burnished and sputtered
lubricant films. The tests were conducted at contact stresses
of 0.79 GPa (115 ksi) and 1.07 GPa (155 ksi) with an average
r o l l i n g velocity of 2 m/s (80 in/s). The lubricants tested were
Mo$2 and a Westinghouse Compact (WSe2/In/Ga). Traction
measurements for sputtered films showed a l i m i t i n g traction coef-
ficient of 0.3 for MoSg and 0.2 for the Westinghouse Compact when
the s l i d i n g velocity is greater than four percent of the r o l l i n g
velocity. The l i m i t i n g traction coefficient is defined as the
ratio of the traction force to the normal load when the traction
force l e v e l s off in a traction curve. The sputtered films on the
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ro l l e r debonded immed ia te l y on the s tar t of t e s t s , w h i l e the d i sc
c o a t i n g s rema ined in p l ace w i t h o u t damage as long as the s l i d i n g
v e l o c i t y was less than three percen t o f ro l l i ng ve l oc i t y .
B u r n i s h e d f i l m s gave s l igh t ly lower t r a c t i o n f o r c e s .
U n l u b r i c a t e d 52100 s tee l e l emen ts gave a l imi t ing t rac t i on c o e f -
f i c i en t of 0.4 at a con tac t p r e s s u r e of 1.07 G P a . The t rac t i on
f o r c e s were found to i n c r e a s e in the f i rs t 2000 r evo lu t i ons of
o p e r a t i o n and then leve l o f f .
Kanne l and Barber [36] used a ball bea r i ng s imu la to r to study
the ro l l i ng e l e m e n t - c a g e pocke t f o r c e s in a bea r ing w i th a .sel f-
l u b r i c a t i n g cage and s o l i d f i l m l u b r i c a n t s on r a c e w a y s . B a l l -
raceway t r a c t i o n c o e f f i c i e n t for u n c o a t e d races l ub r i ca ted by a
cage made of a c o m p o s i t e ma te r i a l [33] rubb ing aga ins t the bal l
i n c r e a s e d l i near l y w i th s l i d i n g up to 3% s l ide- to - ro l l ra t io and
then l e v e l e d off at a v a l u e of 0 .5 . The b a l l - c a g e pocket f r i c -
t ion c o e f f i c i e n t was a p p r o x i m a t e l y 0.06. E x p e r i m e n t s wi th
r a c e w a y s coa ted w i th Mo$2 and the c o m p o s i t e cage gave a ba l l -
r a c e w a y t r a c t i o n c o e f f i c i e n t of 0.18 until a p p r o x i m a t e l y 7%
s l i d e - t o - r o l l ra t io . The Mo$2 f i lm apparen t ly broke down at th is
po in t and resu l ted in a high t r a c t i o n c o e f f i c i e n t ; subsequen t
b e h a v i o r of the con tac t was as for uncoa ted r a c e w a y s .
Few t heo re t i ca l a n a l y s e s are a v a i l a b l e to aid in the d e s i g n
of so l i d l ub r i ca ted ro l l ing element bear ings . F ink in [38] ana-
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lyzed the influence of certain design and material parameters on
the wear of b a l l bearings lubricated by solid lubricants coated
on raceways and concluded that the current practice of converting
conventional designs to use solid lubricants is not a good
approach. I m p l i c a t i o n s of his analysis for bearing design were
to use a small number of larger b a l l s , and closely conforming
races and b a l l s . The l u b r i c a n t should have high d u c t i l i t y and
fracture toughness to prevent debonding of l u b r i c a n t film and
adhesion high enough to keep the l u b r i c a n t from being squeezed
out of the contact but low enough to prevent s i g n i f i c a n t s l i d i n g
wear. Use of thin (less than 0.5 pm) films of precious metals
and precious metal alloys to enhance l u b r i c a n t transfer between
cage and ball surfaces and between ball and races has also been
recommended [39].
The literature review showed that very l i t t l e data or design
c r i t e r i a were a v a i l a b l e to aid in the design of solid lubricated
r o l l i n g / s l i d i n g contacts. Most of the a v a i l a b l e data was not
obtained under conditions representative of r o l l i n g element
b e a r i n g a p p l i c a t i o n s . That may e x p l a i n the poor correlation
between wear test machine data and actual bearing hardware.
Tests with assembled and lubricated bearings are not useful for
basic studies because of the difficulty of separating what is
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b e i n g tested. Therefore, it was decided to use a s i n g l e element
test rig to test solid l u b r i c a n t s under load, speed and tem-
peratures representative of bearing a p p l i c a t i o n s in adiabatic
die s e l engines. An existing h i g h speed elastohydrodynamic (EHD)
test rig b u i l t by SKF was modified to allow traction force
measurement for s o l i d lubricated contacts. The data would be
used to develop analytical models to predict traction forces as a
function of load, speed and temperature and to develop q u a l i t a -
t i v e g u i d e l i n e s for d e s i g n i n g solid lubricated r o l l i n g bearings.
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3 . 0 T E S T A P P A R A T U S A N D TEST P R O C E D U R E
3.10 T e s t A p p a r a t u s
A s c h e m a t i c of the test rig is shown in F i g u r e 1. The test
r ig was d e s i g n e d to measu re f i lm t h i c k n e s s and t r a c t i o n fo r ce in
an oil l ub r i ca ted con tac t be tween a ro ta t i ng d i sc and a ball or a
ro l le r under c o n t r o l l e d amounts o f ro l l i ng , . s l i d i n g , sp in , . .
l a t e ra l s l ip and con tac t load. The d i sc and the ro l l i ng e lement
s p e c i m e n s are d r i ven by i ndependen t d r i v e s . The speed and load
c a p a b i l i t i e s of the test rig are summar i zed in Tab le 1.
The d isc sp ind le is d r i ven by a 3 HP 3600 RPM v a r i a b l e speed
DC moto r . By us ing s tep-up p u l l e y s , the d isc can be d r i ven up
to 15,000 RPM. The DC motor speed is con t ro l l ed through a rege-
n e r a t i v e con t ro l l e r to a l l o w t rac t ion measu remen ts w i th the d isc
s u r f a c e speed s l o w e r than the ro l l i ng element s u r f a c e speed. The
ro l l i ng e lement is mounted d i rec t l y on a h igh speed g r i nd ing
s p i n d l e c a p a b l e of o p e r a t i n g up to 42 ,000 RPM. The h igh f re-
quency sp ind le motor is housed such that the a x i s of ro ta t ion of
the ro l l i ng e lement is h o r i z o n t a l and p a s s e s th rough the center
of the d isc . The complete motor assembly can be moved hor izon-
ta l l y in i ts h o u s i n g to change the rad ius of the con tac t c i r c l e
on the d i s c . The motor a s s e m b l y and i ts h o u s i n g are mounted on
a v e r t i c a l sha f t s u p p o r t e d by h y d r o s t a t i c b e a r i n g s to m i n i m i z e
12
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T A B L E 1: RIG C A P A B I L I T I E S
DISC DRIVE
VARIABLE SPEED REGENERATIVE DC MOTOR (3 HP, 3600 RPM)
STEP UP PULLEYS: DISC SPEED UP TO 15,000 RPM
SPEED CONTROL: ± 0-5%
BALL SPINDLE
VARIABLE SPEED AC MOTOR: 5-9 HP, 42,000 RPM
SPEED CONTROL: ±-0-1%
TRACTION LOAD CELL
DATA INSTRUMENTS LOAD CELL - MODEL NO- JP-50
50 LB- CAPACITY, ± 0-15%
NORMAL LOAD CELL
LEBOW MODEL NO. 3397 (STRAIN GAGE LOAD CELL)
300 LB. CAPACITY, ± 0-2%
VISHAY INSTRUMENTS V/E-20A STRAIN GAGE INDICATOR
SLIDE/ROLL RATIO: 0-1 MAX
LATERAL SLIP/ROLL RATIO: 0.02 MAX
14
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the r e s i s t a n c e to ro ta t i on of the ro l l i ng e lement about the ve r -
t i ca l a x i s of the sha f t . W h e n a t r a c t i o n f o r ce ac ts on the
r o l l i n g e lemen t , i t a t tempts to ro ta te the motor a s s e m b l y about
the v e r t i c a l a x i s of the sha f t but is p r e v e n t e d f rom do ing so by
a sem i - conduc to r load ce l l . The r e a c t i v e fo rce measured by the
load cel l is used to ob ta i n the t r a c t i o n fo rce in the c o n t a c t .
The normal load is a p p l i e d by a hydrau l ic p i s t on rod through the
v e r t i c a l sha f t s u p p o r t i n g the ro l l i ng e lement motor a s s e m b l y . A
s t r a i n gage load cel l is mounted be low the hyd rau l i c p i s ton to
m e a s u r e the normal load.
The EHD r ig was m o d i f i e d to a l l o w i ts use wi th so l id lubr i -
c a n t s . The l u b r i c a t i n g o i l supp ly and re c i r c u l a t i o n sys tem was
d i s c o n n e c t e d . S e a l s shown in F igu re 2 were i ns ta l l ed on the d i sc
and ro l l ing element sp i nd les to keep the motor b e a r i n g l u b r i c a n t s
f rom c o n t a m i n a t i n g the con tac t .
A l ub r i can t a p p l i c a t i o n f i x t u re , shown in F igu re 3, was
d e s i g n e d to bu rn i sh the lub r i can t on the d isc s u r f a c e be fo re the
s u r f a c e entered the con tac t . The r e l a t i v e p o s i t i o n s of the con-
tact and the lubr i can t b u r n i s h i n g l o c a t i o n are shown in F igu re 4.
The lubr ican t is l oaded aga ins t the d isc to bu rn ish the lub r i can t
on the d i s c s u r f a c e ; the b u r n i s h i n g load can be changed by
c h a n g i n g the we igh t on the lever arm ( s e e F igure 3). A pho-
t o g r a p h of the m o d i f i e d test rig is shown in F igure 5.
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(UNLESS OTHERWISE SPECIFIED)
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FIGURE 2: D R A W I N G OF LOW SPEED,® ,
AND HIGH S P E E D , 07) , S E A L S
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FIGURE 3: DRAWING OF LUBRICANT TRANSFER SYSTEM
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D I S C / B A L L C O N T A C T C I R C L E
DISC
SALL
LUBRICANT
D I R E C T I O N OF R O T A T I O N
S3 606
FIGURE 4: LUBRICANT BURNISHING ARRANGEMENT
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F I G U R E 5: TEST RIG AS M O D I F I E D FOR SOLID L U B R I C A N T TESTING
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3.11 T r a c t i o n Measu remen ts
C o n t a c t geomet ry is s h o w n in F igu re 6. Only bal l s p e c i m e n s
w e r e used in s o l i d l u b r i c a t e d t r a c t i o n m e a s u r e m e n t s . The
s l i d e / r o l l ra t io S at the con tac t is g i v e n by
2[u>! - ( D / d ) u 2 ]
S = (1)
oil + ( D / d ) u > 2
w h e r e u>i is the speed of r o t a t i o n of the d i s c , o>2 the speed of
r o t a t i o n of the b a l l , D the d iamete r of the bal l and d the
d i a m e t e r of the con tac t c i r c l e on the d i sc ( see F igu re 4) . The
s l i d e / r o l l ra t io is p o s i t i v e when the d i sc s u r f a c e is f as te r than
the ball s u r f a c e and n e g a t i v e when the d isc s u r f a c e is s l o w e r
than the bal1 su r f a c e .
The d i s c s p i n d l e has a 6 tooth pu l ley for speed m e a s u r e m e n t .
A p rox im i t y p robe is p l a c e d near the pu l ley to genera te a d ig i ta l
p u l s e t r a i n . The high speed s p i n d l e has d i rect d ig i ta l speed
ou tpu t . The two outpu ts are fed into an e l e c t r o n i c c i r cu i t of
SKF d e s i g n to g i v e d i rec t l y the s l i d e / r o l l ra t io de f ined in
E q u a t i o n (1). T h i s s i g n a l d r i v e s the x - a x i s o f an x-y p lo t te r .
The ind iv idua l speeds of the d r i ves are read from e lec t ron ic
c o u n t e r s . The output f rom the t r ac t i on load cel l is fed to the y
a x i s o f the x -y p l o t t e r . T h u s , the t r a c t i o n f o r ce v e r s u s
20
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s l i d e / r o l l ratio curves can be obtained directly from the test
r i g . However, the traction force measured by the load cell is
not the traction force at the contact. The traction force at the
contact, Tc, is c a l c u l a t e d from the traction load cell reading T|_
u s i n g the r e l a t i o n s h i p
Tc = TL£2/U! - 0.5d) (2)
w h e r e £2 ^ s the l eve r arm for the l oad ce l l and £]_ is as s h o w n in
F i g u r e 6. The v a l u e of £]_ is 8.5 i nches ( 2 1 5 . 9 mm) and £3 1 s
3 . 7 0 6 i n c h e s ( 9 4 . 1 3 m m ) . The lever arms a re m e a s u r e d r e l a t i v e to
the a x i s of r o t a t i o n of the v e r t i c a l s h a f t on w h i c h the ro l l i ng
e lemen t motor is moun ted . The c a l c u l a t i o n of the t r a c t i o n f o r ce
at the con tac t is i n c o r p o r a t e d into the load cel l c a l i b r a t i o n .
3 . 20 T e s t S p e c i m e n s
3.21 D i s c Spe
D i m e n s i o n s of d i s c s p e c i m e n s are shown in F igu re 7. The d i sc
m a t e r i a l s used in the p r o g r a m were M50 s tee l , Nor ton NC132 hot
p r e s s e d s i l i c o n n i t r ide and N i e l s e n ' s MS grade P a r t i a l l y S tab i -
l i z e d Z i r c o n i a ( P S Z ) . T h e d i s c s u r f a c e s were g round s u c h that
the lay o f s u r f a c e r o u g h n e s s was c i r c u m f e r e n t i a l . S u r f a c e rough-
n e s s and h a r d n e s s m e a s u r e m e n t s fo r the d i s c s p e c i m e n s a re sum-
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Notes
3
4
5
Surfaces "A" and "B" to be flat within 2 to 4
waves per inch.
Surfaces "A" and "B" to be parallel 2 to 4
seconds of arc or better.
Surface finish "A" and "B" 2 vinch AA.
"C" and "D" to be concentric within 0.0002".
Diameter "D" within + 0.001".
6. All dimensions are in inches,
SKF INDUSTRIES. INC. D R A W N CHECK: SCALE
DATE
F I G U R E 7: D R A W I N G OF DISC SPECIMEN
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m a r i z e d ' in Tab le 2 . The re was s u b s t a n t i a l v a r i a t i o n in s u r f a c e
r o u g h n e s s f rom s p e c i m e n to s p e c i m e n . A p h o t o g r a p h of an M50
d i s c s p e c i m e n is s h o w n in F i g u r e 8 .
3 . 22 B a l 1 S p e c i m e n s
On ly bal l s p e c i m e n s we re used in th is p r o g r a m . A new qui l l
was d e s i g n e d to a l l o w the use o f i n t e r c h a n g e a b l e bal l s p e c i m e n s .
A d r a w i n g of the qui l l is s h o w n in F igu re 9. The bal l s p e c i m e n s ,
s h o w n in F i g u r e 10, we re s t a n d a r d 13 /16" M50 and 440C b e a r i n g
b a l l s m o d i f i e d fo r use in the p r o g r a m . The b a l l - q u i l l a s s e m b l y
is s h o w n in F i g u r e s 8 and 11. A new bal l was used for each
tes t . 440C b a l l s we re used only d u r i n g l ub r i can t s c r e e n i n g
t e s t s . T r a c t i o n da ta f o r d e v e l o p i n g d e s i g n g u i d e l i n e s w a s
o b t a i n e d u s i n g M50 b a l l s . The M50 b a l l s had a h a r d n e s s o f 6 0 . 4
Re, a v e r a g e s u r f a c e r o u g h n e s s o f 0 .8 y in and RMS r o u g h n e s s o f
1.0 uin .
3 . 2 3 Lubr i can t
L u b r i c a n t s tested in the program are l i s t e d in Table 3. The
MAC composite l u b r i c a n t s were s u p p l i e d g r a t i s by Hughes Aircraft
Company. All the other l u b r i c a n t s are commercially a v a i l a b l e .
The g r a p h i t e l u b r i c a n t s are manufactured by Pure Carbon
Company. Some properties of the l u b r i c a n t s taken from a Pure
SKF TECHNOLOGY SERVICES 2
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T A B L E 2 : S U R F A C E R O U G H N E S S A N D H A R D N E S S
M E A S U R E M E N T S F O R D ISC S P E C I M E N S
DISC M A T E R I A L
M50 STEEL
NC 132 Si'3N4
PSZ
HARDNESS
(Re)
60.4
-
-
SURFACE ROUGHNESS ( yi n )
AVERAGE
1.4 - 6.3
1.7 - 2.1
3.7 - 9.9
RMS
1.9 - 7.9
2.4 - 2.6
5.2 -12.4
2 5
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T A B L E 3 : L U B R I C A N T S T E S T E D
P9
POSAg
P3310
P2003
GRAPHITE
GRAPHITE
GRAPHITE
GRAPHITE
HAC1/T50F3 COMPOSITE
HAC1/T50F4 COMPOSITE
HAC2A/T50F4 COMPOSITE
POLYBON L
POLYBON M
ELECTROFILM SPRAY LUBRICANT (MoS2 + GRAPHITE)
SKF TECHNOLOGY SERVICES
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C a r b o n b rochure are l i s ted in Tab le 4. Grade P9 is a low per-
m e a b i l i t y , m a c h i n a b l e c a r b o n - g r a p h i t e d e v e l o p e d f o r s l e e v e
b e a r i n g s in s u b m e r g e d pumps [40] . G r a d e P03 c a r b o n s we re d e v e -
l o p e d for h igh s p e e d face s e a l s and have a h igh thermal conduc -
t i v i t y , s t r e n g t h , a b r a s i o n r e s i s t a n c e a n d o x i d a t i o n r e s i s t a n c e .
P03 Ag i s base P03 g rade c a r b o n i m p r e g n a t e d w i th s i l v e r metal
to p romo te t h e r m a l c o n d u c t i v i t y . Grade P2003 is a base P03 type
m a t e r i a l i m p r e g n a t e d w i t h r e l a t i v e l y i n s o l u a b l e g l a s s - l i k e
p h o s p h a t e s to i m p r o v e i ts s t r eng th and p e r m e a b i l i t y . In addi -
t i o n , the g l a s s - l i k e p h o s p h a t e s melt a t h igh t e m p e r a t u r e and
o x i d i z e in p r e f e r e n c e to the g raph i te . The melt a l s o helps to
re ta in the g raph i t e in the con tac t . The P 2 0 0 3 grade g r a p h i t e
tend to abso rb m o i s t u r e . The a d s o r b e d mo i s tu re s o f t e n s the
a d d i t i v e and c o n v e r t s i t in to a gel w h i c h upon hea t i ng may e x u d e
and ha rden into a s u r f a c e g l a z e . I n f o r m a t i o n about g rade P3310
g r a p h i t e was not a v a i l a b l e . C o m p o s i t i o n o f a l l these g raph i t es
i s p r o p r i e t a r y i n f o r m a t i o n .
Po lybon L and M are po lymer i c c o m p o s i t e s made by T r i b o n
B e a r i n g Company . P o l y b o n L ( G r a d e T - 0 6 5 0 ) is a l a m i n a t e f a b r i -
c a t e d w i th a h i g h - s t r e n g t h P A N - b a s e d ca rbon f a b r i c , 56% by
v o l u m e , mated w i t h a p o l y i m i d e b inder c a p a b l e o f c o n t i n u o u s se r -
v i c e at 600°F. P o l y b o n M ( G r a d e T - 0 4 5 4 ) is a s e l f - 1 u b r i c a t i n g
m o l d e d p o l y i m i d e w i t h c a r b o n and g r a p h i t e f i l l e rs . T h i s
m a t e r i a l can a l s o be used up to 600°F .
31
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E l e c t r o f i l m spray lubr icant is a mix of M o S 2 and G r a p h i t e in
an u n s p e c i f i e d res i n b i nde r . The m i x t u r e is sp rayed f rom a can
onto the s u r f a c e to be c o a t e d . The c o a t i n g air d r ies in 30
m i n u t e s to a l l o w h a n d l i n g o f p a r t s . The res in se ts c o m p l e t e l y
in 6 h o u r s . M50 d isc s p e c i m e n s were coa ted w i t h E l e c t r o f i l m to
m e a s u r e t r a c t i o n f o r c e s f o r c o a t i n g s .
D e v e l o p m e n t o f the Hughes A i r c r a f t Company c o m p o s i t e s was
d e s c r i b e d in de ta i l in R e f e r e n c e [33] . The c o m p o s i t e s are a
p o l y i m i d e r e s i n r e i n f o r c e d w i th a 3-D w e a v e of c a r b o n f i be r s and
i m p r e g n a t e d w i t h a l u b r i c a n t . H A C 1 c o n t a i n s a W e s t i n g h o u s e
C o m p a c t as the l ub r i can t w h i l e H A C 2 c o n t a i n s T u r b o l u b e as the
l u b r i c a n t . W e s t i n g h o u s e C o m p a c t c o n t a i n s 80% W S e 2 , 15% Ga and 5%
In w h i l e T u r b o l u b e c o n t a i n s 6 0 - 7 5 % M o $ 2 , 2 0 - 3 0 % M o S e 2 and 5 - 7 %
W$2 or W S e 2 - The s t r u c t u r e o f the 3-D c a r b o n w e a v e is s h o w n in
F i g u r e 12.
The g r a p h i t e l u b r i c a n t s were s u p p l i e d as 0 .5 inch long cy l inder
o f 0 .5 i nch d i a m e t e r . The c o m p o s i t e l u b r i c a n t s were s u p p l i e d as
r e c t a n g u l a r s l a b s . The d i m e n s i o n s of the s p e c i m e n s as used in
t e s t s are shown in F igu re 13, a l o n g w i t h a p h o t o g r a p h of the spe-
c imen h o l d e r . The r e c t a n g u l a r s p e c i m e n s were 0 .25 i n c h e s t h i c k .
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VIEW Z
VEW X
VIEW Z
VIEW X
0.015'
0.030'
0.033'
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VIEW Y
A - AXIAL FIBERS
C - CIRCUMFERENTIAL FIBERS
R • RADIAL FIBERS
VIEW Y
F I G U R E 12 : 3 -D W E A V E USED IN H A C 1 AND H A C 2
C O M P O S I T E S ( F R O M R E F . [41])
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83 606
0 . 2 5 "
M— 0 . 2 5 "
0 . 5 J r 1
CROSS-SECTION OF
L U B R I C A N T SAMPLES
1 1
0.5"-*-
0 . 2 5 "
S I D E V I E W O F C O M P O S I T E
S L A B S A M P L E S
F I G U R E 1 3 : L U B R I C A N T S P E C I M E N S A N D L U B R I C A N T HOLDER
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3 . 3 0 T e s t M a t r i x
The c o n t a c t l o a d and r o l l i ng s p e e d s s e l e c t e d fo r t e s t i n g a re
s h o w n in T a b l e 5 . The tes t m a t r i x was s e l e c t e d to c o v e r the
r a n g e o f o p e r a t i n g c o n d i t i o n s a n t i c i p a t e d fo r r o l l i ng e lement
b e a r i n g s i n a d v a n c e d a d i a b a t i c d iese l e n g i n e s .
3 .40 D e v e l o p m e n t o f Test P r o c e d u r e
The test p r o c e d u r e used at the b e g i n n i n g of the test p r o g r a m
was b a s e d on the e x p e r i e n c e g a i n e d dur ing t r a c t i o n m e a s u r e m e n t s
for o i l l u b r i c a t e d c o n t a c t . G r a d e P-9 g r a p h i t e was used as the
l u b r i c a n t fo r d e v e l o p i n g the test p r o c e d u r e fo r s o l i d l u b r i c a n t s .
The in i t ia l test p r o c e d u r e was as f o l l o w s :
(1) B u r n i s h l ub r i can t on the d i sc s u r f a c e for 15 m inu tes
u s i n g a b u r n i s h i n g l oad of 6 Ibs. The d isc speed d u r i n g
b u r n i s h i n g was the same as that to be used for t r a c t i o n
f o r c e m e a s u r e m e n t s .
(2) S p i n the bal l at the requ i red speed for pure r o l l i ng at
the c o n t a c t and br ing the bal l in con tac t w i th the d i sc
at the d e s i r e d load .
(3 ) G e n e r a t e the t r a c t i o n c u r v e by v a r y i n g the d i s c speed to
i n t r o d u c e s l i d i n g in the c o n t a c t .
(4 ) C a l i b r a t e the e l e c t r o n i c c i r cu i t used to c a l c u l a t e the
si i de/ rol 1 rati o .
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TABLE 5: TEST MATRIX
A V E R A G E
SURFACE
SPEED
(IPS)
150
300
M A X I M U M HERTZ CONTACT STRESS
(KSI)
150
X
X
250
X
X
300
X
X
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In a d d i t i o n to the traction curves, traction force was
measured as a function of time at a fixed s l i d e / r o l l ratio to
test the d u r a b i l i t y of the burnished l u b r i c a n t f i l m under varying
amounts of s l i d i n g . The traction vs. time curves were usually
run for 15 minutes.
The early testing revealed a number of problems with the test
procedure. The l u b r i c a n t supply proved inadequate for tests run
at contact stresses other than 150 ksi. A series of tests were
run using different b u r n i s h i n g loads and b u r n i s h i n g time to
determine the best combination for adequate transfer of l u b r i c a n t
from the compact to the disc surface. A b u r n i s h i n g load of 24
Ibs for 30 minutes was chosen. Subsequent testing showed insuf-
f i c i e n t l u b r i c a n t for tests at 300 ips r o l l i n g speed and 300 ksi
contact stress. It was found necessary to b u r n i s h the b a l l sur-
face also to provide sufficient l u b r i c a n t . The ball surface was
burnished for 30 minutes u s i n g a b u r n i s h i n g load of 12 Ibs.
The traction force level proved to be an inadequate criteria
for d e t e r m i n i n g the success or f a i l u r e of the l u b r i c a n t . The
c o n d i t i o n of contact surfaces after the test was found to be just
as important as the traction forces. The ball specimens were
exa m i n e d in a Scanning Electron Microscope (SEM) after each test;
the discs were too large to fit in the SEM. However, since the
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disc surface is l u b r i c a t e d d u r i n g the test and the b a l l surface
is not, the c o n d i t i o n of the b a l l surface was considered a good
measure of the wear protection provided by the lubricant.
S m a l l e r disc specimens are being acquired to a l l o w SEM examina-
tion of disc surfaces for the h i g h temperature tests in the
second phase of the program. The wear of contact surfaces also
necessitated the use of a fresh b a l l specimen and a new track on
the disc for each test.
The test procedure was standardized as follows:
(1) B u r n i s h l u b r i c a n t on the b a l l and disc surfaces for 30
minutes to p r o v i d e a supply of lubricant on both sur-
faces. The lubricant b u r n i s h i n g load was 12 Ibs for the
b a l l and 24 Ibs for the disc surface.
(2) B r i n g the b a l l and the disc into contact at the desired
load with surface speeds set for pure r o l l i n g at the
contact. The contact is lubricated d u r i n g the test by
b u r n i s h i n g the l u b r i c a n t on the disc surface. The b a l l
surface is not lubricated d u r i n g the test.
(3) Generate the traction curve or traction vs. time curve.
(4) E x a m i n e the bal l surface in the SEM.
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(5 ) C a l i b r a t e the e l e c t r o n i c c i rcu i t used to c a l c u l a t e the
sii d e / r o l 1 rati o .
3 . 5 0 T e s t R i g M o d i f i c a t i o n s
A number of d e f i c i e n c i e s in the test r ig were r e v e a l e d dur ing
the d e v e l o p m e n t of the test p r o c e d u r e . The high speed s p i n d l e
for the bal l s p e c i m e n , d e s i g n e d for s p e e d s up to 4 2 , 0 0 0 R P M ,
c o u l d not supp ly enough power to d r i v e the con tac t at con tac t
s t r e s s e s of 300 ksi b e c a u s e it was be ing run at or near the min i -
mum recommended s p e e d s (10-15% of m a x i m u m s p e e d ) . The p rob lem
was f i x e d by c h a n g i n g the speed c o n t r o l l e r to i n c r e a s e the power
a v a i l a b l e at the s p e e d s used in the test p r o g r a m ( 3 5 0 0 to 7000
rpm) . The c h a n g e s e n a b l e d the tes ts to be run for p o s i t i v e
s l i d e / r o l l r a t i o for al l load and speed c o m b i n a t i o n s in the test
m a t r i x but the motor cou ld not supp ly power for runn ing w i th
n e g a t i v e s l i d e / r o l l r a t i os (ba l l s u r f a c e speed f as te r than d isc
s u r f a c e s p e e d ) a t 300 ks i .
The m a x i m u m t r a c t i o n fo r ce l e v e l s were h igher than e x p e c t e d .
As a resu l t , the r e a d i n g s o f ten e x c e e d e d the range of the t r a c -
t i on load ce l l and the load used to c lamp the load cel l to i ts
f i x t u r e . A new load cel l (0 to 100 Ibs r a n g e ) was p u r c h a s e d to
r e p l a c e the o r i g i na l l oad cel l and the c l a m p i n g load was
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increased to prevent the movement of the load cell in its fix-
ture .
Traction measurement tests with oil l u b r i c a t e d tests had
shown that the normal load at the b a l l - d i s c contact was higher
than that i n d i c a t e d by the load cell and that the contact load
v a r i e d over time. The v a r i a t i o n was s i g n i f i c a n t at low normal
loads. The b a l l specimens and the q u i l l designed for the solid
l u b r i c a t i o n program were used to run tests with oil lubricated
contact in order to assess the dynamic load v a r i a t i o n using
interferograms. For tests run with SANTOTRAC 50 traction f l u i d
at 150 ips r o l l i n g speed and a 10 Ib normal load, the contact
load measured using 17 interferograms averaged 12 Ibs with a
v a r i a t i o n of ±3 Ibs. Oscilloscope traces of the load cell signal
showed a load v a r i a t i o n of s i m i l a r m a g n i t u d e at a frequency of 3
cps. The load v a r i a t i o n for the q u i l l designed for solid l u b r i -
cated tests was lower than that observed for q u i l l s used for oil
l u b r i c a t e d tests. The lower v a r i a t i o n was attributed to the low
runout (25 pin) of the new q u i l l s . The s i t u a t i o n was considered
acceptable as long as the load v a r i a t i o n for solid l u b r i c a t e d
contacts did not exceed that observed for oil lubricated con-
tacts. There was, however, no way of assessing the contact load
v a r i a t i o n for s o l i d l u b r i c a t e d contacts other than the v a l u e
i n d i c a t e d by the load c e l l . Further i n v e s t i g a t i o n using oil
l u b r i c a t e d tests was ruled out because of time constraints.
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3 . 60
The test p r o g r a m was d i v i d e d into two p h a s e s . In the f i r s t
p h a s e , the 10 l u b r i c a n t s l i s t e d in T a b l e 3 we re tes ted to s e l e c t
the four most p r o m i s i n g l u b r i c a n t s . A l l the s c r e e n i n g tes ts were
run u s i n g 440C s tee l ba l l s and M50 s tee l d i s c s . In the s e c o n d
p h a s e , t he l u b r i c a n t s s e l e c t e d du r i ng the s c r e e n i n g tes ts were
t e s t e d us i ng M50 b a l l s , and a l l the d i s c m a t e r i a l s used in the
p r o g r a m : M 50 s t e e l , NC132 s i l i c o n n i t r i de and N i e l s e n ' s MS Grade
P S Z . T e s t s run du r i ng both phases o f the p r o g r a m w e r e used for
g e n e r a t i n g q u a l i t a t i v e g u i d e l i n e s fo r the d e s i g n o f s o l i d lubr i -
c a t e d c o n t a c t s . The s c r e e n i n g tes ts a l s o p r o v i d e d v i ta l
e x p e r i e n c e for i n te rp re t ing the resu l ts of the tes ts .
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4 . 0 R E S U L T S O F S C R E E N I N G T E S T S
A l l t he l u b r i c a n t s c r e e n i n g t e s t s w e r e run u s i n g 440C ba l l s
and M50 d i s c s . The runout a v e r a g e d 25 y in for ba l l s p e c i m e n s and
150 p in for d i s c s p e c i m e n s . The r e s u l t s for a l l the l u b r i c a n t s
a r e d i s c u s s e d b e l o w .
4.10 E l e c t r o f i l m Spray Lubr
E l e c t r o f i l m sp ray l u b r i c a n t was the only l u b r i c a n t coa t ing
t e s t e d in the cur ren t test p r o g a m . The d isc s p e c i m e n s were f i rs t
c leaned wi th acetone. E l e c t r o f i l m was sprayed on the disc sur-
f a c e s and a l l o w e d to dry for a m in imum of 6 hours . Both t r ac -
t ion fo rce vs . s l i d e / r o l l ra t io c u r v e s and t r ac t i on fo rce vs .
t ime c u r v e s were g e n e r a t e d .
A t r a c t i o n vs. s l i d e / r o l l ra t io cu rve at 150 ips ro l l i ng
speed and 150 ksi con tac t s t r e s s is shown in F igure 14. The
t r a c t i o n f o r ce r i ses to a v a l u e of 1 Ib and then l e v e l s off at a
s l i d e / r o l l ra t i o of a p p r o x i m a t e l y 4%. T h i s cu r ve is typ ica l of
the t r a c t i o n c u r v e s o b t a i n e d for a l l the l u b r i c a n t s . SEM p ic-
t u res of the bal l s p e c i m e n are shown in F igu re 15. A 50X p ic -
ture of the w e a r t r a c k is shown in F igu re 15a w h i l e 2 5 0 X p i c t u res
of the e d g e s of the t r a c k are shown in F i g u r e s 15b and 15c.
F i g u r e 15d s h o w s a 1000X p i c t u r e of s u r f a c e in the wea r t r a c k and
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LUBRICANT: ELECTROFILM SPRAY
NORMAL LOAD: 12 LB
CONTACT STRESS: 150 KSI
ROLLING VELOCITY: 150 IPS
FI G U R E 14: TRACTION CURVE FOR ELECTROFILM
SPRAY LUBRICANT
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(a) WEAR TRACK
(b) EDGE A (c) EDGE B
F I G U R E 15: SEM PICTURES OF BALL WEAR TRACK
FOR TEST IN FIGURE 14
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( d ) W E A R T R A C K
( e ) V I R G I N S U R F A C E
F I G U R E 15 : SEM P I C T U R E S OF BALL W E A R T R A C K
FOR TEST IN F I G U R E 14 ( C O N T I N U E D )
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F i g u r e 15e a 1000X p i c t u r e of v i r g i n b a l l surface outside the
track. The l o c a t i o n of edges A and B shown in F i g u r e s 15b and
15c, r e s p e c t i v e l y , are as shown in F i g u r e 16. F i g u r e 15 shows
that a layer of l u b r i c a n t was transferred from the disc to the
b a l l and that the l u b r i c a n t s u p p l y in the contact was s u f f i c i e n t
to protect the surface for the d u r a t i o n of the test. V a l u e s of
the l i m i t i n g t raction force for other loads and speeds are listed
in Table 6; the l i m i t i n g traction force is defined as the level
at w h i c h the traction force l e v e l s off in a traction curve.
A traction vs. time curve for Electrofilm is shown in Figure
17. The curve was obtained at pure r o l l i n g ( s l i d e / r o l l ratio
e q u a l to zero) at a speed of 150 ips and a contact stress of 150
ksi . SEM pictures of the b a l l specimen are shown in F i g u r e 18.
The arrangement of SEM pictures for all ball specimens is the
same as in F i g u r e 15. A traction vs. time curve obtained at an
average r o l l i n g speed of 150 ips and a contact stress of 150 ksi
at pure r o l l i n g for about 7 minutes and then a s l i d e / r o l l ratio
of 2% for 5 m i n u t e s is shown in F i g u r e 19. SEM pictures of b a l l
specimens (Figure 20) showed that the b a l l surface was h e a v i l y
damaged. The lubricant coating was unable to protect the sur-
faces in the presence of s l i d i n g at the contact.
Tests with E l e c t r o f i l m showed that w h i l e l u b r i c a n t coatings
do protect the contact surfaces in pure r o l l i n g contacts, pre-
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DISC
A B
B A L L
F I G U R E 16: LOCATION OF EDGES A AND B IN SEM.
PICTURES OF BALL WEAR TRACKS.
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TABLE 6: L I M I T I N G TRACTION FORCE FOR
E L E C T R O F I L M SPRAY LUBRICANT
R O L L I N G
SPEED
(IPS)
150
300
150
300
150
300
NORMAL
LOAD
(IBS)
12
12
54
54
93
93
M A X I M U M HERTZ
CONTACT STRESS
(KSI)
150
150
250
250
300
300
L I M I T I N G TRACTION
FORCE
(LB)
1.0
1.2
3.1
7.7
7.7
9.6
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FIGURE 18: SEM PICTURES OF BALL WEAR TRACK
FOR TEST IN FIGURE 17
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FIGURE 18: SEN PICTURES OF BALL WEAR TRACK
FOR TEST IN FIGURE 17 (CONTINUED)
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FIG U R E 20: SEM PICTURES OF BALL WEAR TRACK
FROM TEST IN FIGURE 19
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F I G U R E 2 0 : S E M P I C T U R E S O F BALL W E A R T R A C K
F R O M T E S T IN F I G U R E 19 ( C O N T I N U E D )
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sence of s l i d i n g depletes the l u b r i c a n t supply r a p i d l y . Since
most r o l l i n g bearing a p p l i c a t i o n s have s l i d i n g at the r o l l i n g
element race contacts, l u b r i c a n t coatings on b e a r i n g races or
r o l l i n g elements are not s u f f i c i e n t by themselves for adequate
l u b r i c a t i o n . L u b r i c a n t supply at the contact must be replenished
in some way.
4.20 G r a p h i t e .ubri cants
The four g r a p h i t e l u b r i c a n t s l i s t e d in Table 3 were tested
for effectiveness as l u b r i c a n t s to be used as bearing cage
m a t e r i a l s . The 250 ksi contact stress v a l u e in the test matrix
in Table 5 was not used for the screening tests. Grade P2003 and
P3310 have been used as h i g h temperature cage m a t e r i a l s in
b e a r i n g tests at SKF Industries.
Grade P9 g r a p h i t e proved to be the poorest of the four
graphites in protecting the contact surfaces from wear and
y i e l d e d the highest l e v e l s of traction forces. This was to be
expected because P9 does not have any impregnants to improve its
a b i l i t y to l u b r i c a t e . The l i m i t i n g traction force l e v e l s for all
the g r a p h i t e s are listed in Table 7. Figures 21, 23, and 25
show traction curves for P3310, P2003 and POSAg g r a p h i t e s ,
r e s p e c t i v e l y , at a r o l l i n g speed of 300 ips and a contact stress
of 150 ksi. SEM pict u r e s of b a l l wear tracks for the three trac-
56
SKF TECHNOLOGY SERVICES
SKF INDUSTRIES, INC
A T 8 4 D 0 2 9
T A B L E 7 : L I M I T I N G T R A C T I O N F O R C E F O R G R A P H I T E L U B R I C A N T S
L U B R I C A N T
P9
P3310
P03AG
P2003
RO L L I N G
SPEED
(IPS)
150
300
150
300
150
300
150
300
150
300
150
300
150
300
150
300
N O R M A L
LOAD
(LB)
12
12
93
93
12
12
93
93
12
12
93
93
12
12
93
93
M A X I M U M HERT
CONTACT STRESS
(KSI)
150
150
300
300
150
150
300
300
150
150
300
300
150
150
300
300
L I M I T I N G TRAC
FORCE
(LB)
1.9
2.1
19.7
22.3
0.8
1.9
14.5
19.4
1.1
1.3
13.6
18.0
3.0
3.3
20.0
20.4
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-2
L U B R I C A N T : P3310
N O R M A L LOAD: 12 LBS
CONTACT STRESS: 150 KSI
R O L L I N G SPEED: 300 IPS
F I G U R E 21: TRACTION C U R V E FOR P3310 GRAPHITE AT
300 IPS R O L L I N G SPEED AND 150 KSI
CONTACT STRESS
SKF TECHNOLOGY SERVICES
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F I G U R E 22: SEM PICTURES OF BALL WEAR TRACK FOR
THE TEST IN FIGURE 21
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F I G U R E 22: SEM PICTURES OF BALL WEAR TRACK FOR
THE TEST IN F I G U R E 21 (CONTINUED)
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L U B R I C A N T : P2003
NORMAL LOAD: 12 LBS
CONTACT STRESS: 150 KSI
R O L L I N G SPEED: 300 IPS
F I G U R E 23: TRACTION CURVE FOR P2003 GRAPHITE AT
300 IPS R O L L I N G SPEED AND 150 KS I
CONTACT STRESS
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F I G U R E 24: SEM PICTURES OF BALL WEAR TRACK FOR
THE TEST IN FIGURE 23
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F I G U R E 24 : SEM P I C T U R E S OF BALL W E A R T R A C K FOR
THE TEST IN F I G U R E 23 ( C O N T I N U E D )
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L U B R I C A N T : P03A6
NO R M A L LOAD: 12 LBS
CONTACT STRESS: 150 KSI
R O L L I N G SPEED: 300 IPS
F I G U R E 25: TRACTION C U R V E FOR P03AG GRAPHITE AT
300 IPS R O L L I N G SPEED AND 150 KSI
CONTACT STRESS
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FIGURE 26: SEM PICTURES OF BALL WEAR TRACK FOR
THE TEST IN FIGURE 25
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FIGURE 26: SEM PICTURES OF BALL WEAR TRACK FOR
THE TEST IN F I G U R E 25 (CONTINUED)
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tion curves are shown in F i g u r e s 22, 24 and 26. The figures
i l l u s t r a t e the differences in the way the l u b r i c a n t s transfer
from the disc to the b a l l . P2003 was the best at p r o t e c t i n g the
contact surfaces at 300 ksi contact stress. Some surface damage
was e v i d e n t for all the g r a p h i t e s at 300 ksi contact stress and
300 ips r o l l i n g speed. The l i m i t i n g traction force was reached
at 1 to 2 percent s l i d e / r o l l ratio for all the graphites.
Extended o p e r a t i o n at s l i d e / r o l l ratio greater than the v a l u e at
w h i c h the l i m i t i n g t r a c t i on is reached resulted in wear damage of
the contact surfaces.
Traction vs. time curves for POSAg at 150 ksi contact stress,
0.7% s l i d e / r o l l ratio and r o l l i n g speeds of 150 and 300 ips are
shown in F i g u r e 27. The test at 300 ips was stopped when the
traction force l e v e l rose rapidly. E x a m i n a t i o n of the b a l l sur-
face after the test showed extensive wear in the b a l l track. The
b a l l track for the test at 150 ips did not show s i g n i f i c a n t wear
after 15 mi nutes.
Tests u s i n g a fused s i l i c a disc were attempted in order to
observe the transfer of l u b r i c a n t from the l u b r i c a n t specimen to
the disc and the flow of l u b r i c a n t through the contact. G r a p h i t e
l u b r i c a n t s were used in these tests. The attempts had to be
a b a n d o n e d because the graphites did not b u r n i s h w e l l on the
67
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smooth, glazed surface of the fused s i l i c a disc. Steel disc spe-
cimens were examined u s i n g an optical microscope after b u r n i s h i n g
w i t h P9 g r a p h i t e . The b u r n i s h e d l u b r i c a n t was pressed into the
valleys on the surface, forming a tough layer w h i c h c o u l d not be
removed by w a s h i n g with acetone or s c r a p i n g . Tops of a few
asperities protruded above the layer of lubricant. This layer of
l u b r i c a n t wears in preference to the b a l l and disc surfaces in
contact. As long as the l u b r i c a n t s u p p l i e d by b u r n i s h i n g the
disc surface is s u f f i c i e n t to replace the layer worn away in the
contact, the surfaces are protected from wear. Tests with
g r a p h i t e l u b r i c a n t s showed that l u b r i c a n t r e p l e n i s h m e n t by bur-
n i s h i n g was adequate for low s l i d e / r o l l ratios. The s l i d e / r o l l
ratio at which wear starts appeared to be a strong function of
contact stress and a weak function of r o l l i n g speed. The
t h r e s h o l d v a l u e of s l i d e / r o l l ratio decreased as both load and
r o l l i n g speed increased. There was i n s u f f i c i e n t data to d e r i v e a
q u a n t i t a t i v e r e l a t i o n s h i p between the threshold s l i d e / r o l l ratio and
the o p e r a t i n g c o n d i t i o n s .
4.30
A l l f i v e c o m p o s i t e l u b r i c a n t s t e s t e d a t room t e m p e r a t u r e w e r e
p o l y i m i d e b a s e d l u b r i c a n t s a n d a r e , t h e r e f o r e , l im i ted t o a p p l i -
c a t i o n s b e l o w 6 0 0 ° F . A s w i t h g r a p h i t e l u b r i c a n t s , t h e 2 5 0 k s i
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c o n t a c t s t r e s s v a l u e in the tes t m a t r i x was not used for
s c r e e n i n g t e s t s .
Both P o l y b o n L and P o l y b o n M p r o v e d to be poor l u b r i c a n t s
under the o p e r a t i n g c o n d i t i o n s used in the t e s t s . W h i l e Po l ybon
M p ro tec ted the contact s u r f a c e s better than Polybon L, both of
them a l l o w e d u n a c c e p t a b l e l e v e l s of wear even at 150 ks i c o n t a c t
s t r e s s . D i s c u s s i o n s w i t h T r i b o n C o m p a n y ' s e n g i n e e r s i n d i c a t e d
that the two m a t e r i a l s w e r e not meant for use under the con -
d i t i o n s used in the test p r o g r a m .
Both H A C 1 / T 5 0 F 3 a n d H A C 1 / T 5 0 F 4 , f i l l ed w i th W e s t i n g h o u s e
Compac t , per fo rmed wel l at 150 ksi contact load. At 300 ksi con-
tac t s t r e s s , H A C 1 / T 5 0 F 3 p r o v i d e d m a r g i n a l wea r p r o t e c t i o n a t 150
ips r o l l i ng speed and f a i l e d c o m p l e t e l y a t 300 ips . H A C 1 / T 5 0 F 4
p r o v i d e d good w e a r p r o t e c t i o n at 150 ips r o l l i n g speed. B e c a u s e
of t ime c o n s t r a i n t s , i t was not tes ted at 300 ips r o l l i n g s p e e d .
T r a c t i o n c u r v e for H A C 2 A / T 5 0 F 4 for a 150 ks i con tac t s t r e s s and
300 ips r o l l i n g is s h o w n in F igu re 28 w i t h the SEN! p i c t u r e s of
the ball s p e c i m e n in F igu re 29. The l u b r i c a n t a p p e a r s to have
f o r m e d a th in , u n i f o r m layer w h i c h a d h e r e s to the bal l s u r f a c e .
The b e h a v i o r a p p e a r s to be s i m i l a r to that of po l y im ide f i l m s
a b o v e t he t r a n s i t i o n t e m p e r a t u r e requ i red fo r good wea r p r o t e c -
t i o n [30 ,31 ] . T h e H A C 2 A / T 5 0 F 4 c o m p o s i t e , f i l l ed wi th T u r b o l u b e ,
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3 S(%)
L U B R I C A N T : HAC2A/T50F4
NORMAL LOAD: 12 LBS
CONTACT STRESS: 150 KSI
R O L L I N G SPEED: 300 IPS
AXIA L F I B E R S
C I R C U M F E R E N T I A L
F I B E R S
RADIAL F I B E R S
D I R E C T I O N OF SLIDING OF
DISC SURFACE RELATIVE TO
THE 3-D WEAVE
F I G U R E 28: TRACTION CURVE FOR HAD2A/T50F4 COMPOSITE
AT 150 KSI CONTACT STRESS AND 300 IPS
ROLLING SPEED. THE INSERT IS V I E W Y FROM
F I G U R E 12.
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F I G U R E 29: SEM PICTURES OF BALL WEAR TRACK FOR
TEST IN FIGURE 28 (CONTINUED)
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provided good wear protection at all load and speed combinations
tested except 300 ksi contact stress and 300 ips r o l l i n g speed.
The appearance of the l u b r i c a n t f i l m on b a l l specimens for the
successful tests with HAC1 lubricants was the same as shown in
F i g u r e 29. The values of l i m i t i n g traction force for HAC1 and
HAC2 composites are listed in Table 8.
4. 40 Summary
Based on the screening tests described in this section, four
l u b r i c a n t s were selected for further testing using the complete
test matrix: P03Ag, P3310 and P2003 graphites and HAC2A/ T50F4
composite. The results are described in the next section.
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TABLE 8: LIMITING TRACTION FORCE FOR HUGHES AIRCRAFT
COMPANY COMPOSITES
LUBRICANT
HAC1/T50F3
HAC1/T40F4
HAC2A/T50F4
ROLLING
SPEED
(IPS)
150
300
150
300
150
300
150
300
150
300
150
300
NORMAL
LOAD
(LB)
12
12
93
93
12
12
93
93
12
12
93
93
M A X I M U M HERTZ
CONTACT STRESS
(KSI)
150
150
300
300
150
150
300
300
150
150
300
300
LIMITING TRACTION
FORCE
(LB)
0.7
1.5
19.7
21 .8
2.3
3.4
21 .9_ _ _ _
4.2
3.9
19.7
24.6
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5.0 TEST RESULTS FOR SELECTED LUBRICANTS
5.10 Test Results
The r o l l i n g element-lubricant combinations tested using the
fu l l test matrix are listed in Table 9. A traction curve was
obtained using the standard test procedure and then, using the
same b a l l specimen, a traction vs. time plot was generated at a
slid e / r o l l ratio that would yield a starting traction force equal
to half the l i m i t i n g traction force given by the traction curve.
This procedure was adopted to save time since each test using a
fresh track on disc and a new ball specimen required an average
of 4 to 5 hours. The b a l l specimens were not examined in the SEM
for tests with M50 discs since the ball surface during screening
tests had always shown wear after traction vs. time curves in the
presence of s l i d i n g . Ball specimens from tests with s i l i c o n
n i t r i d e discs were examined in the SEM because these were the
first tests run with s i l i c o n nitride discs and no previous
experience was a v a i l a b l e to surmise the condition of the b a l l
surfaces.
A short trial program was undertaken with s i l i c o n nitride and
z i r c o n i a discs to verify that the test procedure developed for
steel discs would also work with ceramic dies and, if necessary,
to develop a suitable test procedure for ceramics. The results
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TABLE 9 : R O L L I N G E L E M E N T / L U B R I C A N T C O M B I N A T I O N S T E S T E D
BALL
M50
M50
M50
DISC
M50
NC132
PSZ
LUBRICANTS
POSAg, P3310, P2003, HAC2A/T50F4
P2003, HAC2A/T50F4
HAC2A/T50F4
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showed that the standard test procedure developed for steel discs
would work for s i l i c o n nitride. However, all attempts to burnish
l u b r i c a n t on the zirconia discs failed. Only HAC2A/T50F4 pro-
vided sufficient lubricant transfer to attempt o b t a i n i n g traction
curves using zirconia discs. The values of l i m i t i n g traction
force for tests at a r o l l i n g speed of 300 i ps are plotted in
F i g u r e 30. An examination of the zirconia disc surface showed
extensive wear at all loads. Further testing with zirconia
discs was abandoned.
Values of l i m i t i n g traction force for tests using M50 discs
are plotted in Figures 31, 32, 33 and 34 for P03Ag graphite,
P3310 graphite, P2003 graphite and HAC2A/T50F4 composite,
respectively. The results show that the l i m i t i n g traction force
was a function of the contact stress and r o l l i n g speed; the
effect of contact stress was greater than that of r o l l i n g speed.
The traction forces for all the lubricants were about the same
magnitude. The acceptability of a l u b r i c a n t should, therefore,
be based on its a b i l i t y to l i m i t wear of surfaces in contact.
HAC2A/T50F4 provided the best wear protection, followed by P2003,
P3310 and P03Ag. These l u b r i c a n t s are, however, designed for
use at h i g h temperatures and the behavior of the l u b r i c a n t s at
room temperature may not be i n d i c a t i v e of their c a p a b i l i t i e s at
h i g h temperatures. The shape of the traction curves was the same
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BALL MATERIAL: M50
DISC LUBRICANT: ZIRCONIA (PSZ MS GRADE)
LUBRICANT: HAC2A/T50F4
24
20
16
o
Q£
O
o
t—
o
CD
12
300 IPS
100 200 300
M A X I M U M HERTZ CONTACT STRESS (KSI)
FIGURE 30: L I M I T I N G TRACTION FORCES FOR HAC2A ON ZIRCONIA DISC
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BALL MATERIAL: M50
DISC LUBRICANT: M50
LUBRICANT: P03AG GRAPHITE
AT84D029
24
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-—-— -A--" soo IPS
~ r B 1 5 0 IPS
— 16
CO
oQL
o
12
o
et
OL
o 8
100 200 300
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FIGURE 31: L I M I T I N G TRACTION FORCES FOR P03AG ON M50 STEEL DISC
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BALL MATERIAL: M50
DISC LUBRICANT: M50
LUBRICANT: P3310 GRAPHITE
24
20
D
300 IPS
150 IPS
16
12
100 200 300
M A X I M U M HERTZ CONTACT STRESS (KSI)
F I G U R E 32: L I M I T I N G TRACTION FORCES FOR P3310 ON M50 STEEL DISC
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BALL M A T E R I A L : M50
DISC L U B R I C A N T : M50
L U B R I C A N T : P2003 G R A P H I T E
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M A X I M U M HERTZ C O N T A C T S T R E S S ( K S I )
F I G U R E 33: L IMIT ING T R A C T I O N F O R C E S FOR P2003 ON M50 STEEL DISC
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BALL MATERIAL: M50
DISC LUBRICANT: M50
LUBRICANT: HAC2A/T50F4
AT84D029
o
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o
<c
A 300 .IPS ~.^
150 IPS
100 200 300
MAXIMUM HERTZ CONTACT STRESS (KSI)
FIGUR E 34: LI M I T I N G TRACTION FORCES FOR HAC2A ON M50 STEEL DISC
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as those ob ta ined dur ing s c r e e n i n g tes ts ( s e e Sec t ion 4 . 0 ) , wi th
the l im i t ing t rac t i on fo rce be ing reached at a s l ide / ro l l ra t io
of 1 to 2 pe rcen t . The m a g n i t u d e s of the t rac t i on fo rces were
a l s o c o m p a r a b l e to those o b s e r v e d dur ing s c r e e n i n g tes t s , except
for tes ts at 150 ksi con tac t s t ress us ing P2003 and H A C 2 A / T 5 0 F 4
l u b r i c a n t s wh ich y ie lded t r a c t i o n fo rces lower than those dur ing
sc reen i ng tes ts .
V a l u e s of l imit ing t rac t ion force for tests using s i l i con
n i t r ide d i s c s are p lo t ted in F igures 35 and 36, respec t i ve l y , for
P2003 and H A C 2 A / T 5 0 F 4 compos i te lub r i can ts . The t rends were the
same as those o b s e r v e d wi th M50 d i scs but the t rac t ion fo rces
were lower than those ob ta ined wi th M50 d i scs . E x a m i n a t i o n of
d i sc s u r f a c e s us ing an opt ica l m i c r o s c o p e showed good t rans fe r of
l ub r i can t to the d isc s u r f a c e and no s i g n i f i c a n t wear at any of
the con tac t s t r ess -rol 1 ing speed comb ina t i on ' even af ter 15 minu-
tes of t r ac t i on vs. t ime tes t ing wi th s l i d ing at the contac t .
SEM p i c tu res of ball spec imens f rom tes ts wi th H A C 2 A / T 5 0 F 4 s h o w e d
that the ball s u r f a c e was pro tec ted wh i le t rac t i on cu rves were
be ing genera ted for al l the l oad -speed c o m b i n a t i o n s but was
damaged dur ing the t r ac t i on vs. t ime tes ts at 250 k s i - 3 0 0 ips
and 300 ks i -150 ips c o m b i n a t i o n s . No t rac t ion vs. t ime test was
run at the 300 k s i - 3 0 0 ips c o m b i n a t i o n because of s u r f a c e wear at
the lower l o a d - s p e e d c o m b i n a t i o n s . The M50 ba l l - s i l i con n i t r ide
84
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BALL MATERIAL: M50
DISC LUBRICANT: SILICON NITRIDE (NC132)
LUBRICANT: P2003 GRAPHITE
24
_4 300 IPS
IPS
20
co
o
Qi
O
16 -
12
•st
OL
100 200 300
M A X I M U M HERTZ CONTACT STRESS (KSI)
FI G U R E 35: L I M I T I N G TRACTION FORCES FOR P2003 ON SILICON
NITRIDE DISC
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BALL MATERIAL: M50
DISC LUBRICANT: SILICON NITRIDE (NC132)
LUBRICANT: HAC2A/T50F4
24
300 IPS
ZD
-150 IPS
20
16
o
OL
O
o
<c
a:
12
_~ L_nri_i_7j ~ ' jPt ''
100 200 300
M A X I M U M HERTZ CONTACT STRESS (KSI)
FIGURE 36: LIMITING TRACTION FORCES FOR HAC2A ON SILICON NITRIDE
DISC
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d isc mate r ia l c o m b i n a t i o n y ie lded less wear at the con tac t sur-
f a c e s than the M50 ba l l -M50 disc and 440C b a l l - M 5 0 d isc com-
b i n a t i o n s . A number of so l i d l ub r i ca ted bea r ings used in high
speed tu rb ine eng ines have been hybrid bea r ings us ing s i l i con
n i t r ide ba l l s wi th steel r aces . The c h o i c e of a hybr id bear ing
ove r an a l l -s tee l bear ing is in agreement wi th the resu l ts of the
cur ren t test p rog ram because of lower t rac t ion fo rces and better
wear p e r f o r m a n c e fo r hybr id con tac t s over a l l - s tee l c o n t a c t s .
The resu l ts suggest that an a l l - ce ram ic contact may p r o v i d e good
wear pe r f o rmance over the ope ra t i ng cond i t ions an t i c i pa ted in
a d v a n c e d ad iaba t i c d iesel e n g i n e s . The p o s s i b i l i t y wi l l be exa-
mined in the next phase of the p rog ram by tes t i ng s i l i c o n ni t r ide
b a l l s aga ins t s i l i con ni t r ide d i s c s .
5 . 2 0 Summary
The test p rog ram showed that w h i l e the shape of t r ac t i on cu rves
for so l i d l u b r i c a t e d con tac t s is s im i l a r to those for l iquid
l u b r i c a n t s , the magn i tude of t rac t ion fo rces is at least an order
o f magn i t ude h igher than t r ac t i on f o r ces for l iquid l u b r i c a n t s .
A so l i d l ub r i ca ted con tac t w i l l , the re fo re , genera te more heat at
the con tac t . D i s s i p a t i o n of the heat genera ted in a so l i d
l u b r i c a t e d bear ing is a major p rob lem that must be dealt w i th at
the des ign s tage . So l i d l ub r i ca ted bear ings are not low f r i c -
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tion bearings when compared with oil lubricated bearings. They
should, therefore, be used only when environmental factors
preclude the use of l i q u i d lubricants.
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6.0 ANALYTICAL MODELS AND GENERAL COMMENTS
6.10 Analytical Models
The purpose of analytical models is to enable prediction of
traction forces at a solid lubricated contact for the lubricants
tested in the test program. The form for the equations was
selected to allow s i m u l a t i o n of solid lubricated contacts, using
the computer program TRIBOS [42] developed at SKF to assess the
performance of a concentrated r o l l i n g / s l i d i n g contact. The
traction curve parameters required as input are the slope m of
the traction curve at low s l i d e / r o l l ratios and the l i m i t i n g
traction force Tj_ at h i g h slide/roll ratios (see Figure 37). The
values of the l i m i t i n g traction force and the slope are listed in
Table 10. The form of equations generated using the data is
given by
TL « ci uai
 P
bi (3)
m = c2 Ua2 pb2 (4)
where U is the r o l l i n g speed, p the maximum Hertz contact stress
and ai, b]_, c\, &2> ^2 anc' C2 are constants obtained by curve
fitting the data in Table 10. The values of the constants are
listed in Table 11. The statistical measures generated by the
curve fitting software confirmed an earlier observation that the
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con tac t s t r e s s had a s t ronge r e f f ec t on the l imi t ing t rac t i on
f o r c e than the ro l l ing speed. Mu l t i p le R2 va lues l is ted in Tab le
11 are a measu re of the goodness of r e g r e s s i o n f i ts . A va lue of
1.0 imp l i es a per fec t fit. The va lues show a good fit for all
the e q u a t i o n s .
6 .20 Genera l Comments
L i fe of so l i d l ub r i ca ted bea r i ngs has been l imi ted by wear .at
ro l l ing e l e m e n t / b e a r i n g race s u r f a c e s , l oss o f bea r ing c l e a r a n c e s
due to heat genera ted in the bear ing or a bu i ldup of so l i d lubr i-
cant f i lm and cage f a i l u re in h igh speed bea r ings . The bear ing
geometry must be se lec ted to promote fo rmat ion of a du rab le
lubr ican t f i lm and m i n i m i z e heat gene ra t i on at the c o n t a c t s . The
b e a r i n g and hous ing des ign shou ld m a x i m i z e the f l ow of heat away
f rom the bea r i ng . Some of the des ign c r i t e r i a a re :
(1) Reduce Contac t S t r e s s - Th is can be a c h i e v e d by us ing a
la rger number of ba l l s or la rger s i z e d ba l ls . Lower
con tac t s t r e s s wi l l enhance the m a i n t e n a n c e of a lubr icant
f i l m and reduce heat genera t ion by lower ing the t rac t i on
f o r c e s at the c o n t a c t .
(2) Reduce S l i d i n g at the Contact - Hea thco te s l ip at the
contac t can be reduced by reduc ing the con fo rm i t y of
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r o l l i n g e l e m e n t / r a c e w a y con tac t s . Lubr ican t f i lm is
d e p l e t e d rap id ly by s l i d i ng at the con tac t . Reduc ing
c o n f o r m i t y w i l l , h o w e v e r , i n c r e a s e the con tac t s t r e s s .
The s e l e c t i o n of b e a r i n g geometry and ma te r i a l s must
s t r i k e a b a l a n c e between c r i t e r ia (1) and ( 2 ) .
(3) W e a r R e s i s t a n t Bear ing M a t e r i a l s - Use of s i l i c o n
n i t r i de d i s c s reduced the wear of contac t s u r f a c e s .
W e a r r e s i s t a n c e can a lso be p rov ided by c o a t i n g s such as
A r m o l o y and T i t a n i u m Ni t r ide. The c o a t i n g s can a l so be
used to promote the f o rma t i on and re tent ion of so l i d
lubri cant f i 1ms.
(4) Heat D i ss i pat i on - The bear ing and hous ing des ign must
p r o v i d e means of d i s s i p a t i n g the heat genera ted at the
c o n t a c t s .
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7.0 WORK PLANNED FOR PHASE II
7.10 H i g h Temperature Test Rig
In view of the problems encountered with the modified EHD rig
used for room temperature tests, SKF decided to design a new test
rig optimized for solid lubricated contacts. A schematic of the
test rig is shown in Figure 38. The rig is now being
manufactured .
7.20 H i g h Temperature Tests
The four l u b r i c a n t s selected in the room temperature tests -
P03AG, P3310, P2003 graphites and HAC2A/T50F4 composite - w i l l be
tested at h i g h temperature. The analytical models described in
Section 6.10 w i l l be refined to incorporate temperature effects.
S i l i c o n n i tride b a l l s w i l l be used for most of the tests.
Smaller disc specimens are being manufactured to allow SEM exami-
nation of disc surfaces. Use of Armoloy coating on M50 ball and
d i s c specimens is being considered as a possible means of
i m p r o v i n g l u b r i c a n t transfer and reducing wear.
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